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aa??? 108-487 aa??????????????????????Pol δ ? DNA ?
??????????1-113 aa??????????? DNA???????????
???????Pol31??????????????? 
ii) Single copy vector ??????  Pol31 ????????  
? pol31?????????????? Pol31 ? 1-113 aa?????????????
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????????? (single copy vector) ?????????? Pol31 ???????
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iii) Pol31 1-113 aa???????????? Pol32???????  
? 1-113 aa??????????????? POL31????????????????
?????????????????? RAD18?MGS1?MMS2 ?????? Pol δ ?
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??????????? DNA ??????????????????? ?Homologous 
Recombination: HR? ?????????? ?Non-Homologous End-Joining: NHEJ? ???
???????????????????????????? (Fig.0)? 
???????????????????????????????????????
???? (Lee et al., 2007)?Pelizaeus-Merzbacher Disease (PMD) ?????????????
??????????????? X????????????? 60-70%? ptoteolipid protein 
1? (PLP1)? ??????????? Plp1 ?????????????????????
??????????????????????????? microhomology???????
????????????????? PLP1 ????????????????????
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????????????????? PLP1 ????????????????????
DNA ??????????????????????????????????????
????????????????????? FoSTeS ?Fork Stalling and Template 







Fig. 0 Biological phenomenon related to DNA replication and repair. The protection of genomic integrity is a 
major challenge for living cells that are continuously exposed to endogenous and environmental DNA-damaging 
insults. To cope with the consequences of DNA lesions which interfere with DNA replication, cells are equipped with 
an efficient defense mechanism termed the DNA damage response. 
? 2?? ?? 
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Fig.1 A model of FoSTeS (a) FoSTeS Model (Lee et al., 2007), 
(i) One replication fork (dark blue and red, solid lines) with a 
lagging strand (red, dotted line) would invade a second fork 
(purple and green, solid lines), followed by (ii) DNA synthesis 
(green, dotted line). After the fork disengages (iii), the original 
fork (dark blue and red, solid lines) with its lagging strand (red 
and green, dotted lines) could invade a third fork (gray and black, 
solid lines). Dotted lines represent newly synthesized DNA. Serial 
replication fork disengaging and lagging strand invasion could 
occur several times before (iv) resumption of replication on the 
original template (b) Fork Repair and Chromosomal 
Rearrangements by Template Switching (Branzei et al., 2007)?
Replication forks encountering DNA lesions (red star) on the 
template strand can engage the nascent chains into template 
switching to bypass the DNA lesion. Forks encountering 
low-copy repeats or repetitive elements are prone to stalling and, 
occasionally, switch templates in the presence of a nearby 
template at another fork, thus generating chromosomal 
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?2?? DNA polymerase δ 
DNA polymerase δ (Pol δ)? 1976????????????????? 4??? DNA ?
??????????? (Byrnes et al., 1976)?????????????????? DNA
???????????? DNA polymerase α (Pol α) ???? 3’→5’??????????
?????????????????Pol δ ????????Pol α???????????
??????????????Pol δ?????????? DNA?????????????
S ??????????? 37 kDa ????????????????????????
DNA????????????????????? (Tan et al., 1986)?1987??????
???Proliferating Cell Nuclear Antigen (PCNA) ??????????SV40?????DNA
????? PCNA?????????????????????? Pol δ???? DNA?











Fig. 2 Eukaryotic replication fork. (Garg et al., 2005) The 
minimal set of proteins for fork propagation are indicated. 
 
DNA ??????? Pol α/primase ? RNA ????????????????????
DNA????? (Waga et al., 1998; Wang et al., 1991)?Pol α? DNA??????????
????? 3’??? Replication factor C (RFC) ???? PCNA??????Pol δ? PCNA
???? DNA??????????Pol α??????? DNA????????????
? lagging?????????? DNA????????? RNA?????????? RNA
?????? RNase H??? Fen-1????????????? DNA ligase 1??????
????????????DNA lagging??????????? (Fig. 3)? 
? 2?? ?? 
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??????DNA ?????????????????????????? DNA?
polymease????????????????????????????????????
?? Pol α?Pol δ?Pol ε? 3???????????????Pol δ??? Pol ε? DNA?
??????????????????????????????????????? Pol 
α?Pol δ?Pol ε??????????????????Pol ε ? PCNA?????? 1000
???????????????????????Pol δ??PCNA????? Pol ε???
? 1000?????? DNA????????PCNA????????Pol α????? DNA
????? DNA???????????????????? (Weiser et al., 1991)????
???Pol δ??????????? PCNA???????????? DNA ??????
??? Pol δ?? Pol ε?????????Pol δ??? lagging?????????????
??? Pol ε? leading???????????????????????????????
??????? leading????? Pol ε???????????? (Pursell et al., 2007)?Pol 
δ?Pol ε???lagging??leading??????????????????????????
SV40? DNA????????? Pol α?Pol δ? 2??? DNA????? DNA????
???????Pol ε???????????????????????????????




? DNA??????? DNA?????????????? DNA???????????
?????????????????DNA??????????DNA?????????
?? DNA ???????? DNA ??? 3’???????????????????3’?
?????????? RFC???? PCNA?????? Pol δ??Pol ε????????
DNA?????????????????? Pol δ??????????????????
????????????????????????????????????????
? 2?? ?? 
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?????????????????DNA ?????????????????????
??????? (Wang et al., 2004; Burgers et al., 1998)?DNA?????????????
???????? PCNA????????????????? Pol α?δ?ε???????
???????????Pol δ??????DNA???????????? DNA ????




Fig. 3 The lagging strand synthesis (Garg et al., 2005) Initially, Pol α/primase complex synthesizes RNA/DNA 
primer. The processive RFC/PCNA/pol δ complex then extends the nascent DNA strands to form the continuously 
synthesized lagging strand complex.  
? 2?? ?? 
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? 3?? Pol δ???????  
??????????? Pol δ??????????????? 125 kDa???????
???? 50 kDa?????????????????????????????????
???????????????? Pol δ? 3????????????????????
???? (Burgers et al., 1998)??????????????? Pol δ???????????
??????????? Pol δ ? 4 ???????????????????????? 
(Zuo et al., 1997; Liu et al., 2000; MacNeill et al., 1996) (Table 1)??????????????
?????????????? Pol δ?????????????????? 4?????
??? Pol δ????????????????????? (Podust et al., 2002) (Fig. 5) ? 
???????????  
i)? Large subunit (Pol3) 
????????????????? POL3 ????????????? Pol3 ????
????????POL3??????????????????????????????
???????? p125?? 50???????????????Pol3??????????
?????? 3’→5’?????????????????????? fidelity??? DNA?
???????????? DNA?????Pol II?????????????????? B 
family? DNA??????????????????????????????????
????????? DNA??????????????? Palm-Finger-Thumb ?????
?????????????? (Fig. 4)?????????? 3’→5’??????????
????????????????????????????????????????
???? (Simon et al., 1991)??????? Pol3???????????????????
???????????????????????????????????????? 
(Goldsby et al., 2001; Goldsby et al., 2002)???????????????????????
????????????????????????????????????????
? Pol δ????????????????????? (Venkatesan et al., 2007)? 
? 2?? ?? 
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????????????????? Pol31 ????????????????????
??????? Pol3? C???????? C4 Zn finger???????????????
















Fig. 4 Structure of B-family DNA polymerase. Pol δ belongs to the 
B class of DNA polymerases (Burgers et al., 2001). Structural 
information about this class of enzymes derives from distantly related 
cousins, i.e., from bacteriophage RB69 (Hopfner et al., 1999). 
ii)? Second subunit (Pol31) 
????????? 2 ???????? POL31/HYS2/SDP5  ????????????
???? Pol31 ? Pol3 ?????????????? (????? Pol31 ???????
cdc1+???????????)?POL31 ???? DNA ???????????????
sdp5-1? POL3????????? pol3-14?pol3-11?????????????????
????? (Giot et al., 1995)????Pol31 ? 170???????????????? hys2-1
? Ribonucleotide Reductase (RNR) ?????? Hydroxyurea (HU) ???????????
?????? (Sugimoto et al., 1995)?????????????? Pol δ????????
????????????????? (Hashimoto et al., 1998)????? Pol31? Pol3? Pol 
δ??????????????????????????????????? Pol3-Pol31
?????????????? PCNA ???????????????????????
? 2?? ?? 
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??????????????????????????? (Burgers et al., 1998)????
????Pol31? PCNA???????????????????????????? Pol31
??????????Pol δ????????? Pol32?????????? Pol31????
??????????????? (Zhou et al., 1997)????Pol31? 60-68 aa??????
????? PCNA??????????? (Lu et al.,2002)????????? POL32??
????????????????????Pol32 ??????????Pol3-Pol31 ???
2??? PCNA??????? Pol31???????????????????? 
?????Pol31?????????? p50? Werner??????????WRN???
?WRN????????????WRNIP1????????????????WRN??
??? (i) C???? p50??????????(ii) ??????? p50?WRN? C??
?????????? p50 ? p125 ??????????????????????
?Szekely et al., 2000)?(iii) ????????? Pol δ????WRN??????????
? (Kamath-loeb et al., 2000) ????????????WRNIP1?????????? Pol δ
???????Pol δ?DNA????????????????????? (Tsurimoto et al., 
2005)? 
iii)? Third subunit (Pol32) 
? 3???????? POL32??????????POL32?????????????
????????? 20???????????????????????????? C ?
??????? PCNA?????? (PIP box) ???????????????? 30??
?????Pol32????? Pol δ? 3????????????? PCNA???????
?????????????????PCNA?????????????????????
??????????? Pol δ????? glycerol gradient sedimentation??????? Pol32
?????????????????????? (Johansson et al., 2001)? 
????????????? 3 ???????????POL32 ???????????
??POL32 ???????????DNA ?????? Hydroxyurea ?HU????? DNA
? 2?? ?? 
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???? Methyl methanesulfonate (MMS)??????????????????? DNA?
???????????????????????? (Gerik et al., 1998)????POL32?
?? POL3 ???? cdc2-1?POL31 ???? hys2-1 ?????????????????
??????????????? cdc27 +? ??????????? (Hughes et al.,1992)??
????????????????????????????????????????
???????? 




? RAD6????? PCNA?????????? Post Replication Repair (PRR) ?????
????????????????????????????????????????
?? (Hoege et al., 2002)?????????Pol ζ (Rev3/Rev7) ?????????????
DNA????????????????????????? pol32???????? DNA
?????????????????????????????????????? Pol ζ
????????????????????????? (Gerik et al., 1998; Hanna et al., 
2007)???? 2004???Pol32???????????????? C???? PIP box?
?????????????????????????????????? PCNA ???
? Pol δ?????????DNA??????????Rev1?????????????
?? Pol32????????????????????? (Johansson et al., 2004)? 
???????????? HU?????????????????? Pol31?????
? N ???????????????????????????????????
Pol31-Pol32?????????????????????? (Johansson et al., 2004)? 
????????????????????????????????????????
2007 ???????????????? Pol32 ? N ?????? BIR (Break induced 
? 2?? ?? 
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iv) Fourth subunit 
4???????????????????????????????????????
????????????????????????????????????????
??????????????????????????? cdm1 +? ???????Pol31
???? Cdc1 ???????? cdc13-P13 ? Multicopy suppressor ???????? 
(MacNeill et al., 1996)?????????????Pol δ?????????????125 kDa?
55 kDa?54 kDa? (??Pol3?Cdc1?Cdc27) ????????? 22 kDa?????????
??????????Pol δ????????????????? (Zuo et al., 1997 )????
????????? Pol3?Pol31??????????????????????????
???? DNA ????????????????????????????????? 
(Reynolds et al., 1998)? 
???????????????? p12????????? Pol3?Pol31???????
??????????????? PCNA??????????????? Pol δ?????
???????????????????????? (Li et al., 2006)??????????
????????? p12????????? Pol δ? PCNA??????????????
??????????p12???????? Pol δ? PCNA???????????? PCNA
???????? p12 ????????????????????????????
Pol3-Pol31 ???????????????????????????????????
? 2?? ?? 










Species Large subunit Second subunit Third subunit Fourth subunit 







POL32 (Pol32)  
S. pombe pol3 + (Pol3) cdc1+ (Cdc1) cdc27+ (Cdc27) cdm1+ (Cdm1) 
H. sapiens POLD1 (p125) POLD2 (p50) POLD3 (p68) POLD4 (p12) 
 
Table 1 Subunits of Pol δ Names of gene encoding Pol δ subunits in S. cerevisiae, S. pombe and H. sapiens are 
summarized. Names of protein are given in parentheses. (red: lethal, violet: hyper-sensitive to DNA damage, blue: 




Fig. 5 Schematic models of subunit interactions  In S. cerevisiae, Pol δ is a trimeric enzyme consisting of 125, 55 
and 40 kDa polypeptides, corresponding to the catalytic subunit Pol3, Pol31 and Pol32 (panel a). In S. pombe (panel 
b) and H. sapiens (panel c), the complex contains a fourth small subunit referred to as Cdm1 and p12, respectively 
(Table 1). 
 
? 2?? ?? 
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Pol31 ? Pol δ?????????????????????????????????
??Pol31????????????? Pol3? Pol32?????????????????
????????????????? Pol31?????????????????????
???????? Pol31 ????????????Pol δ???????????????
???????????????????????
? 3?? ?? 
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? 3?? ??  
? 1 ?? Pol δ?????????????????  
Pol31 ??????????????????????????????????? 10





Fig. 6 Protein alignment of Pol31/PolD2 proteins from ten eukaryotic species (Reynolds et al., 1999) Based on 





POL3? POL32????? 3xFLAG??? C???????????????????Fig. 
7A, panel a????????? pol31???? GAL1???????????? DNA???
??????????????????????????????? galactose ?????
? 3?? ?? 
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? GAL1 ????????????????????glucose ?????????????
?????????????????? on/off ??????????????? (Fig. 7A, 
panel b )???????????????????? 2??????? galactose??????
????????????? HA ?????????Lysis buffer ???????????
???????Western blot?? Pol3-FLAG?Pol32-FLAG?????? 
?????Pol3 ??Pol31? N ????? I-V??? 1-275 aa ???C????? VI-X
??? 279-487 aa????????????????????Pol32? 1-275 aa?????
?????????279-487 aa???????????? (Fig. 7B)? 
Pol3 ? Pol31 ??????????? C ???? C4 Zn-finger ???????????
C1056?C1059?C1069?C1074???????????????????????????
? (Sanchez Garcia et al., 2004)???????Pol3? Pol31??????????????
???????????????????Pol31? 275 aa???????????????
Pol31???????? 1????????????????Pol3? Zn-finger???? Pol31
?????????????????????????? ?Fig. 8?? 
? 3?? ?? 
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Fig. 7 The N-terminal region of Pol31 is sufficient to constitute the Pol δ complex between Pol3 and Pol32. A, 
Immunoblotting of Pol δ subunits. (a) Extracts were prepared from cells expressing Pol3-FLAG, Pol31-FLAG or 
Pol32-FLAG and fractionated by SDS-PAGE followed by immunoblotting with an anti-FLAG monoclonal antibody. 
(b) Extracts were prepared from cells carrying a multicopy plasmid encoding HA-Pol31 protein, which had been 
cultured in the medium containing galactose for 12 h at 30?C B, Immunoprecipitaton of Pol δ subunits.  The 
Pol32-FLAG and Pol3-FLAG cells which were transformed with pKT10L-P31, pKT10L-p31-N5 (1-275 a.a.), 
pKT10L-C2 (279-487 a.a.), or pKT10L (empty) plasmids, were incubated for 12 hr in the presence of galactose, and 
then the cells were lysed by the glass bead method. HA-tagged proteins were immunoprecipitated with anti-HA 
antibody-conjugated agarose beads as described under Experimental Procedures.  Immunoprecipitates were 
fractionated by SDS-PAGE and analyzed by immunoblotting with an anti-FLAG monoclonal antibody as well as 
with anti-HA antibody. I.B., immunoblotting; I.P., immunoprecipitation. 
 
 
? 3?? ?? 
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Fig. 8 Summary of subunit interactions expected in this experiment. The N-terminal 1-275 aa region of Pol31 
could coimmunoprecipitate both Pol3 and Pol32 whereas the C-terminal 279-487 aa region only 
coimmunoprecipitated Pol3. Thus, it seems likely that Pol31 has two regions for interacting with Pol3 but only one 
for interacting with Pol32. 
.
? 3?? ?? 
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? 2 ?? ??????????????  
N ??????? Pol3 ? Pol32 ?????????????????????????
????????????????? GAL1?????????????????????
????Pol3??????????????????? 
Fig. 9 Scheme of evaluation of deleted Pol31 
protein for viability. The phenotype conferred 
by a pol31 deleted allele carried by the LEU2 
plasmid is revealed after loss of the wild type 
POL31 gene on the URA3 plasmid following 
5-FOA selection, because cell viability is now 
viability is now dependent on the mutated 
pol31 allele. 
???? POL31 ???????????????????????????????
????????????????????????????????? POL31 ? URA3
??????????????????????????? POL31 ??????????
??????????????? pol31????????????????Fig. 9, left panel??
5-fluoroorotic acid (5-FOA)? ????????????? URA3????????????
?????? URA3 ????? (Orotidine 5’-phosphate-decarboxylase) ????????
5-fluoro-orotidine monophosphate????? 5’-fluoro-uridine monophosphate? (5-FUMP) ??
?????5-FUMP?????? (DNA?????) ?????????????????
??????????????????????????? URA3???????????
????????????? 5-FOA ?????????? URA3 ???????????
??????????????????5-FOA ???????????????????
????????????????????? ?Fig. 9, right panel???????5-FOA??
????????????????? Pol31?????????????????????? 
??????????? N??? Pol31?????????????????????
????????????? 1-113 aa?? (I-II ????? ??????????????
??????????1-96 aa ?I? ????????????????????????
N?? 113 aa???????1-455 aa (I-IX)?1-363  aa (I-VII)?1-275 aa? (I-V)? (data not 
shown)?1-229 aa (I-IV)?1-192 aa (I-III)?1-143 aa (I-II)? 1-129 aa (I-II???) (Fig. 10A) ?
? 3?? ?? 
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?????????????????????1-417 aa????????????????
??? (data not shown)? 
? ???????????????????????????????????????
??????????????????????? Pol31????? Western blot????
????(Fig. 10B)??????1-113 aa ? 1-96 aa??????????????????
??????????????????????????????? 
? ?????? POL31 ?????? ?URA3 ????? ??????????????
????????????????????????????????????????
5-FOA ?????????????????????????????????????
???????????????????????? ?Fig. 10C?? 
???GAL1 ??????????????????????????? glucose ???
?????????????????????????????????? Pol31????
???????????????glucose ??? (?????) ????????????
glucose ?????????????????????????????????????
????RT-PCR ????????????????????????????????




? 3?? ?? 
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Fig. 10 The N-terminal 113 aa fragment of Pol31 is sufficient for viability. A, Evaluation of N-terminal fragments 
of Pol31 for viability.  (b). B, Expression of various N-terminal fragments of Pol31. Extracts were prepared from the 
cells expressing N-terminal fragments of Pol31 as described under Experimental Procedures, and then fractionated by 
SDS-PAGE. HA-tagged Pol31 were detected by immunoblotting with an anti-HA antibody. Positions of the 
molecular mass standard (kDa) are shown on the left of the figure and the asterisk indicates position of non-specific 
band. C, Confirmation that the N-terminal 113 aa fragment of Pol31 is sufficient for viability.  Cells supposedly 
containing the indicated plasmids shown in panel a, were streaked on SC-Ura plates containing Leu, raffinose and 
galactose (panel b), SC-Leu plates containing raffinose and galactose (panel c), or SC-Leu plates containing raffinose, 
and glucose (panel d), and photographed after 5 days incubation at 25?C. To isolate cells containing full length or 
1-113 POL31 on the pKT10L plasmid (LEU2 marker) without full length POL31 on pRS316 (URA3 marker), we 
selected cells containing full length POL31 on pRS316 that could grow on plates containing 5-FOA and used them in 
this experiment. D, The comparison of POL31 mRNA in the cells grown in medium containing galactoce or glucose. 
RNA: RNA template, DNA: cDNA template 
? 3?? ?? 
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?
?? C???????????????????? N??? 1-107 aa (?? I? II???) 
????? 108-487 aa?????????????????????279-487 aa?364-487 aa?
417-487 aa?????????????????? (Fig. 11A)? 
N ??????????????????????? 108-487 aa ??????????
????????????????????????????????? N ??????
????????????? ?Fig. 11B?? 
????? allow head???????????K379?SUMO????? Pol31??? ??
??????????????????????????? DNA ???????????
??????????????????????????????? 
? 3?? ?? 
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Fig. 11 Various N-terminally truncated Pol31 derivatives do not support cell viability A, Viability. Cells 
carrying plasmids indicated in panel (a), were streaked onto SC-Ura plates containing Leu and raffinose, SC-Leu 
plates containing raffinose, galactose, and 5-FOA (panel c) or SC-Leu plates containing raffinose, glucose, and 
5-FOA (panel d), and photographed after 5 days incubation at 25?C.  B, Expression of various N-terminally 
truncated HA-Pol31 derivatives. Extracts were prepared from the cells expressing N-terminally truncated Pol31 as 
described under Experimental Procedures, and then fractionated by SDS-PAGE. HA-tagged Pol31 was detected by 
immunoblotting with an anti-HA antibody. Positions of the molecular mass standards (kDa) are shown on the left of 
the figure and the asterisk indicates the position of non-specific band. Upper bands (arrow heads) seem to be 















Fig. 12 Summary of the 
viability.  
Relationships between 
trancated Pol31 proteins 
and the viability of the 
cells overexpressing the 
fragment are 
summarized. 
? 3?? ?? 
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? 3 ?? 1-113 aa ???????????  
1-113 aa???????????????????????Pol δ? DNA???????
???????????????????????????????????5-FOA ??
???????? N ???????????????????????????????
?????????????????????1-113 aa?????? 2? galactose????
????????????????? (Fig. 13A)? 




????????????? hys2-1 ?????????????????????? S ?
????G2/M??????Pol31???????????????? (Fig. 13B) (Sugimoto 
et al., 1995)? 
???DNA?????? DNA?????????????????????HU???
????? RNR ??????????????? DNA ???????? dNTP ????
??????????????????????????MMS ? DNA????????
??DNA ????????????????????????????????????
??DNA ??????????????????1-113 aa ??????????????
???????????????????????????????? DNA??????
?????????? Pol31????????????????????????????
? G170D ????????????? DNA ????????????????????
???????? hys2-1???? (Sugimoto et al., 1995)????????????????
?????????? 
? 3?? ?? 
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Fig. 13 Characterization of mutants overexpressing the 1-113 aa fragment of Pol31.  A, Cell cycle analysis by 
flow cytometry. Cells containing only full length POL31 or 1-113 pol31 on the pKT10L plasmid were grown in 
medium containing raffinose and galactose until log phase. The cells were then washed and divided into either 
medium containing raffinose and galactose or into medium containing raffinose and glucose.  Samples were taken at 
the indicated times and analyzed by flow cytometry. B, Histograms of cell cycle distributions as judged by cell 
morphology. Cell morphology was examined using the cells cultured in the indicated medium for 15 hours. No bud, 
small bud, and large bud, indicate G1, S, and G2/M phase, respectively.  C, Sensitivities of cells expressing the 
1-113 aa derivative to temperature and DNA damaging agents. Ten-fold serial dilutions of log phase cells (105, 104, 
103, 102 cells) expressing full length Pol31, full length Pol31 having the G170D mutation, or the 1-113 aa derivative 
of Pol31 were spotted on SC-Leu plates containing raffinose and galactose.  The plates were incubated at 25?C 
(panel a, c, and d) or at 37?C (panel b). In addition, the plate for panel (c) contained 0.01% MMS and the plate for 
panel d contained 100 mM HU. The plates were photographed after 4 days incubation. 
? 3?? ?? 
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? 4 ?? 1-113 aa ?????????  
????????? N?? 113 aa?????????? Pol31???????????
????????????????????????????????????????
?????? pol31???????????????????????? 
??????????? Pol31 1-113 aa?????????? 5-FOA?????????
??????????????????????1-96 aa???????????????
????????????????????????????????????????





Pol31???G170D ?hys2-1 ??1-113 aa????????25 0C????????????
25 0C?? 37 0C?????????? 3???? 8???? 1????????????
????????????????????????????????????????
1-113 aa???????? S??? G2/M??????????????????????
?? (Fig. 14C panel b)???????hys2-1?? S????? G2/M??????????




1-113 aa??????????? hys2-1????????????? 1-113 aa? S????
???????? (Fig 15D)? 
1-113 aa???????????????? S?????????????1-113 aa??
????????????????????????????????????????
? 3?? ?? 






? 3?? ?? 
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Fig. 14 Characterization of cells expressing the 1-113 fragment of Pol31 from its own promoter (1-113 aa pol31 
cell) on a single copy plasmid.  A, Effect of deletion of full length POL31. Cells carrying the plasmid indicated in 
panel (a) and the pRS316-P31 (URA3) plasmid were streaked on SC-Ura-Leu plates (panel b) or SC-Leu plates 
containing 5-FOA (panel c), incubated at 25?C, and then photographed after 5 days.  B, Sensitivities of the pol31 
cells expressing the 1-113 aa derivative to temperature and DNA damaging agents. Ten-fold serial dilutions of log 
phase cells (105, 104, 103, 102 cells) expressing full length Pol31, full length Pol31 having the G170D mutation, or the 
1-113 aa derivative of Pol31 were spotted on SC-Leu plates containing raffinose and galactose.  The plates were 
incubated at 25?C (panel a, c, and d) or at 37?C (panel b). In addition, the plate for panel (c) contained 0.01% MMS 
and the plate for panel d contained 100 mM HU. The plates were photographed after 4 days incubation. C, Cell cycle 
analysis by flow cytometry. Cells containing only full length POL31 or  G170D pol31 or 1-113 aa pol31 on the 
pRS315 plasmid were grown in medium until log phase at 25?C. The culture temperature was then shifted to 37?C. 
Samples were taken at the indicated times and analyzed by flow cytometry. D, S phase progression of 1-113 aa pol31 




???????????????????????????? (Branzei et al., 2002; Vijeh 
Motlagh et al., 2006)?????1-113 aa???????????????????????
????????????????????? 
???Rad18????? Post Replication Repair???? PCNA???????????
? E3??? (Fig. 15)????Mms2? PRR???????????????? E2???
???????? (Fig. 15)????Mgs1?????WRNIP1??????????????
???????? RAD6??????????????????? (Hishida et al., 2002) ?
hys2-1 ?????????????? Mgs1 ????????????????????
Rad18 ?????????????????????????????????????
? 3?? ?? 
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???? (Branzei et al., 2002)? 
?????????? Pol31 ? C ????????????????????????
????????????????????????????????????????
??????????? 1-113 aa??????????????????????? (Fig. 
16, panel f)? 
???????????? E3?????? RAD5???????? DNA???? Pol ζ
??????????????? REV3???????????????????????
?? SRS2 ?hys2-1 ???????????????? ???????????????
????????????????????????????????????????
??????? (data not shown)? 
???Pol δ????????????? Pol32???????1-113 aa????????
?????? (Fig. 16)?????? 1-113 aa?????????? Pol32????????
??????????? (Fig. 16, panel f)? 
 
 
Fig. 15 Post replication repair? In Saccharomyces cerevisiae, genes belonging to the RAD6 epistasis group are 
responsible for the PRR pathway. RAD6, RAD18, RAD30, RAD5, REV3, and REV7 are major members of this group. 
DNA gaps caused by replication stalling are filled by translesion synthesis either in an error-free or an error-prone 
mode depending on the context of the DNA damage. 
 
? 3?? ?? 
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Fig. 16 Effect of deletion of various genes in pol31 cells expressing the 1-113 aa derivative of Pol31.? The cells 
disrupted in the indicated gene (panel a and b) carried either the single copy plasmid encoding full length Pol31 
(panel c and d) or the 1-113 derivative of Pol31 (panel d and f) and the pRS316-P31 (URA3) plasmid were streaked 
on SC-Ura-Leu plates (panel c and d) or SC-Leu plates containing 5-FOA (panel e and f), incubated at 25?C, and 
then photographed after 5 days. 
 
? 3?? ?? 
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? 5 ?? PCNA / Mgs1 ???????  
????? POL31????????????Mgs1?????????????????
???MMS ???????????PCNA ????????? HU? MMS ??????
?????????? (Branzei et al., 2002; Vijeh Motlagh et al., 2006)?????1-113 aa??
??????? Mgs1?PCNA ????????????????????MGS1 ? GAL1
???????????????????????????galactose??????????
???? 
?????Mgs1?????? 1-113 aa?????? DNA??????????? HU?
MMS????????????? (Fig. 17A, panel b)????PCNA??????????
HU?MMS??????????????????? (Fig. 17B)? 
 
 
Fig. 17 Overexpression of Mgs1 or PCNA causes further defects in 1-113 aa pol31 cells.  A, Ten-fold serial 
dilutions of log phase cells (105, 104, 103, 102 cells) expressing full length Pol31 or the 1-113 aa derivative of Pol31 
were spotted on SC-Leu plates containing glucose (upper panels) or galactose (lower panels) with the indicated 
concentration of HU or MMS.  MGS1 was carried on a plasmid containing the GAL1 promoter.  Cells were 
incubated at 25?C and then photographed after 4 days. B, Ten-fold serial dilutions of log phase cells (105, 104, 103, 
102 cells) expressing full length Pol31 or the 1-113 aa fragment of Pol31 were spotted on SC-Leu plates containing 
the indicated concentration of HU or MMS. POL30 (PCNA) was overexpressed from its own promoter on a 
multicopy plasmid.  Cells were incubated at 25?C and photographed after 4 days.   
? 3?? ?? 
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? 6 ?? N????????????  
????????? 
i) 1-113 aa?????????????????? (? 2?) 
ii) 1-113 aa?????? HU?MMS????????????????????  
(? 3??? 4?) 
iii) 1-113 aa????????? Pol32????????? (? 4?) 
??????????????? 3 ????????????????????????
??????Pol31 ? 1-113 aa ???? Pol3?Pol32 ????????1-113 aa ???? 3
????????????????????????????????????????
??? (? 1?)? 
?????Pol3?Pol32??? 1-113 aa??????????????????????
????????? 1-96 aa??? Pol3?Pol32??????????? (Fig. 18A)????
C???? Pol3????????Pol32?????????????????N?? 1-113 aa
??? Pol δ?????????????????????????????? 
 
? 3?? ?? 
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Fig. 18 Physical interaction between the 1-113 fragment of Pol31 and both Pol3 and Pol32. A, 
Immunoprecipitaton of Polδ subunits.  Extracts were prepared from Pol32-FLAG and Pol3-FLAG cells transformed 
with pKT10-P31, pKT10L-p31-N10 (1-113 a.a.), pKT10-p31-N11 (1-96 a.a.), or pKT10L (empty).  HA-tagged 
proteins were immunoprecipitated with anti-HA antibody-conjugated agarose beads as described under Experimental 
Procedures.  Immunoprecipitants were fractionated by SDS-PAGE and analyzed by immunoblotting with an 
anti-FLAG monoclonal antibody and anti-HA antibody. I.B., immunoblotting; I.P., immunoprecipitation. (a) Pol3 (b) 
Pol32 B, Summary of coimmunoprecipitation analysis. 
? 4?? ?? 
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? 4?? ??  
Pol31? N?????? 
???????? 487 aa? Pol31??? N?? 1-113 aa????????????DNA
?????????????? Pol δ???????????????????????? 
Pol31??????? I-X? 10 ???????????????????????1-113 
aa?????? I? II???????????? (Fig. 19 panel a)???????? I? II
?????? Pol3 ??? Pol32 ????????????????????????I?
II ????????????????????????????????Single copy vector
????????????????????? G2/M???????????I? II???
?????? Pol δ?????????????????????????????? XI-X 
?????? Pol3 ???????????????XI-X ??????????????
??????????? Pol δ?????????????????? (Fig. 19 panel b; Fig. 
20)? 
???? Pol δ??????????Pol δ????? RFC?PCNA??????????
??? DNA???????????????????? ?Masuda et al., 2007??????
???????????????????? Pol δ??????????????????
?????????????????????????????1-113 aa??? ?I? II?








? 4?? ?? 

















Fig.19 A model of Pold  
complex in this study? (a) 
Sequence alignment of the 
1-113 aa regions of Pol31 
among various species. (b) 
A model of the interactions 





















Fig. 20 Summary of subunit 
interaction Domains for subunit 
interaction are summarized (Garcia 




Pol δ???????? PCNA?????? Pol δ?????????????????
??DNA ?????????????? Pol δ ????????????? PCNA ??
??????????????????????? Pol32 ??????????????
? 4?? ?? 
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??????? Pol3/Pol31? 2????????????????? Pol δ ??? ???
???????PCNA ??? DNA ????????????????????Pol32 ??
???? Pol3 ???? Pol31????????????? PCNA ???????????
?????????? Pol31? C???? (114-487 aa?????) ? Pol32??????
?????????????????????????????? Pol31????????
??????????????????C ??????????? (R256A?GN261AA?
D414A?D416A) ? POL32 ????????????????????????????
????????? (Vijeh Motlagh et al., 2006) (Fig. 21 panel g)?????????????
????Pol31 ? 114-487 aa????? Pol32????? Pol d???? PCNA?????
??????????????????????????Pol31 ? C ?????????
??????? Pol d ? PCNA???????????DNA ?????????????
???????????????? Pol31? 1-113aa ? Pol32? PIP box???Pol32? PCNA




? 4?? ?? 
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Fig. 21 Schematic models of Pol d comprising various Pol31 mutant derivatives. Left panels (panel a, b, c, and d) 
show the putative subunit constitution of Pold comprising various Pol31 mutants in the presence of both intact Pol3 
and Pol32. Right panels (panel e, f, and g) show the putative subunit constitution of Pold comprising various Pol31 
mutants in the presence of intact Pol3 but in the absence of Pol32. Points mutation presented on panel c and g were 






? Yra1 ??????????????????????????? (Swaminathan et al., 
2007)????????? 
(i) yra1????????? G1???? S???????????  
(ii) Yra1? replication origin???????? Yra1 ? Dia2 ?????? 
(iii) dia2?????? YRA1? C????????????????????? 
? ? ? ?Dia2 ? Skp1/Cdc53/F-box ubiquitin ligase????SCF?????????????  
? ? ? ? ????SCF????????????????????????????? 
? ? ? ? ???????????????? 
??? dia2 ?????? HU?MMS?Camptothecin ??? DNA ???????????
???????DNA??????????????????? (Blanke et al., 2006)????
?????????????????????????? Pol31 ? C ????III-X ??






?? WRN ?????????????? Pol δ???????????????????
? 4?? ?? 
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??????? Pol δ???????????????????????????????
???????? Pol δ?????????????????Pol δ??????????
????????????????????????????????????????
??????????????????????????????? Pol δ???????
???????????????? ???????????????? Pol δ ? 3 ????
? 4?????????????????????????????? Pol δ ? 4????
?????? Pol3 ? Pol31 ????????????????????????????
??????????????????? 4 ???????????? Pol31 ? N ???
????Pol3 ? Pol31 ???????????????????????? Pol31 ? I-II 
???????? Pol δ?????????????????????????? Pol δ?
????????????????????????????WRN ? WRNIP1 ????
?????? WRN ??? WRNIP1 ? Pol δ ??????????WRN ? Pol31 ?? 
WRNIP1 ? Pol3, Pol32??? 4?????????????????????? Pol31? 
I-II ?????????? Pol δ????WRN?????????????????? 
???????????????????????????????????????
???????????????? Pol31 ?????????????????????




? 5?? ????????? 
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? 5?? ?????????  
? 1 ?? ????  (Saccharomyces cerevisiae) 
???????????????????????????????????????
???????













MATa ade1 his2 trp1 ura3 leu2 
KSC106+pRS316-P31, pol31D::KanMX4 
KSC106, pol31D::KanMX4, pol32D::HphMX 
KSC106, pol31D::KanMX4, mgs1D::HphMX 
KSC106, pol31D::KanMX4, rad18D::HphMX 
KSC106, pol31D::KanMX4, mms2D::HphMX 
MATa  his1 trp1 ura3 leu2 
MR966+pRS316-P31, pol31D::KanMX4 





N. D. Vijeh Motlagh 
N. D. Vijeh Motlagh 
N. D. Vijeh Motlagh 
N. D. Vijeh Motlagh 







Table 2 Yeast strains used in this study 
 




????????????????raffinose ??? galactose ???????????
?????glucose? Sigma????????? 
2.1.1? YPAD?? ??????? 
glucose 2?, Yeast extract (Difco) 1%, Bacto-Pepton (Difco) 2%,? Adenine sulfate 0.004%
?????????????????? (121??20?) ????????? 
2.1.2? SC?? ???????? 
? ? ? glucose ??? raffinose ??? galactose (??????????????????
????), Yeast nitrogen base without amino acids (Difco) 0.67%,? 10xDropout solution 10%,?
L-Leucine 0.006%,? L-histidine 0.004%,? L-Tryptphane 0.004%,? Uracil? 0.002%???
? 5?? ????????? 
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??????????????????????? Bacto-Agar (Difco) ? 2%????
???????????? (121??20?) ???????????????????
?????????????????????? 
*10 x Dropout solution 
? ? ? L-Arginine 0.02%, ? L-Isoleucine 0.03%, ? L-Valine 0.15%,Adenine 0.04%,?
L-Tyrocine 0.03%, ? L-Phenylalanine 0.05%, ? L-Methionine 0.02%, ? L-Lysine 0.03%,?
L-Gultamic acid 0.10%,? L-Threonine 0.20%?????????????????? 
(121??20?) ????????? 
2.1.3  SC+5-FOA?? 
glucose??? raffinose???galactose? (???????????????????
???), Yeast nitrogen base without amino acids (Difco) 0.67% , 10 x Dropout solution 10%,?
L-Leucine 0.006%,? L-histidine 0.004%,? L-Tryptphane 0.004%,? Uracil 0.002%????
(????)? ???????????????????Bacto-Agar (Difco) ? 2%???
????????????(121 ??20?)?????????? 0.1% 5-FOA (Wako),?
0.1% Uracil ??????????????????????? (121 ??20 ?) ??
????????????????????????? 
? 2.1.4  ?????? 
? ? ? ? ??????????????SC ????????? (121 ??20 ?)  ????
???????????????????? 
? ? ? *Methyl methanesulfonate: MMS, Hydroxyurea: HU? (Sigma) 
 2.2   ??? 
? ? ? ? ????????????????? LB???amp????? 
? ? ? ? LB????Bacto-trypton (Difco) 0.5%, NaCl (Wako) 0.5%????????????
??????????????Bacto Agar (Difco) 1.5??????????? (121??
20?) ??????????? ampicillin 50 µg/ml (Wako) ????? 
? 5?? ????????? 
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? 3 ?? ?????  
??????????????????? 



























POL31 CEN/ARS URA3 
CEN/ARS LEU2 
POL31 on pRS315 
POL31, deletion of 114-487 aa of Pol31, on pRS315 
POL31, deletion of 97-487 aa of Pol31, on pRS315 
pRS315-P31, with mutation in Pol31 G170 
2m GAL1 promoter LEU2 
HA- POL31 on pKT10L 
HA-POL31, deletion of 418-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 364-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 276-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 230-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 193-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 144-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 130-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 114-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 97-487 aa of Pol31, on pKT10L 
HA-POL31, deletion of 1-107 aa of Pol31, on pKT10L 
HA-POL31, deletion of 1-278 aa of Pol31, on pKT10L 
HA-POL31, deletion of 1-363 aa of Pol31, on pKT10L 
HA-POL31, deletion of 1-416 aa of Pol31, on pKT10L 
pKT10-P31, with mutation in Pol31 G170, on pKT10L 
2m URA3 GAL1promoter 
MGS1 on pYES2 
2m URA3 
POL30 on YEp195 
Vijeh Motlagh et al. 





Vijeh Motlagh et al. 


















Sugimoto et al. 
Table 3 Plasmids used in this study 
 
3.1 ??? Pol31??????????? 
POL31???? pKT10L-P31??? pRS315-P31?????? QuikChange Site-Directed 
Mutagagenesis Kit (STRATAGENE) ????????????N??????????
??????????????????????C????????????????




? 4 ?? DNA???????  
? DNA???????? Applied Biosystems? ABI PRISM 310 Genetic Analyser???
? 5?? ????????? 
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???????????????????????? 2 ?? DNA ?????????
??????????????????? 50 ng????????????? 3 pmol?
DNA sequencing Kit Premix (Applied Biosystems) 4 µl????milliQ????? 10 µl??
? PCR???????????????????? DNA?????Template Suppression 
Reagent 20 µl???????????????????????? 
 
? 5 ?? ???????  
? ? ?????????????????????????? 
??? YPAD?? 2 ml?30 ????????????????????? 1 ml? 9 
ml? YPAD????????30 ?? 4??????????????????? 5500 
rpm?5???????????????????????? 75 µl? 1 M LiAc? (pH 7.5)?
?????????? 15 µl ??????? 4 µl?5 µg/ ml ???????? DNA?
(sigma) ? 4 µl?50% PEG?  (Mw?4000) ? 75 µl??????????????????
30 ?? 1????????3000 rpm?1????????????? 150 µl?????
??????100 µl??????????????????????????????
SC???????????25 ?? 4??????? 
 
? 6 ?? Spot assay 
  ????????????????? SC??? 2 ml?? 30???????????
??????????? 1x107?1x106 ?1x105?1x104 cells/ml???????????
??????? SC???? (5-FOA???? DNA?????????????) ? 10 
µl ??????1 spot ? 1x105?1x104 ?1x103?1x102???????????????
25 ?? 4?????????????? 
 
 
? 5?? ????????? 
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? 7 ?? FACS 
7.1? ?? 
???????? GAL1 ???????????????????????????
?????2% galactose?2% raffinose ???????????????????? 2% 
galactose?2% raffinose????? 2 ml?30????????????????????
???????? 30???????? 10 ml? 2% galactose?2% raffinose??????
1×107 cells/ml??????????2?????? 30???????? 2% galactose?2% 
raffinose??? 2% glucose????? 10 ml? 3???????????? 10 ml??30
????????? ????????? 0 ??????? 
? ? ? ????????????????????????????????????8 
???????????? 1×107 cells/ml????????????  
7.2? flow cytometry 
    7.1????????????? 200 µl? 10???? 15?????? 1???? 99.5%  
ethanol? (Nacalai tesque)  800 µl?????????????? 4?? 12???? 24?
?????????????????50 mM tri-sodium citrate dehydrate ?? (pH 7.4)?
(Wako) 500 µl?????RNaseA? (Sigma) ? 100 µg/ml??? 50 mM tri-sodium citrate 
dehydrate (pH 7.4) 500 µl???????????? 37?? 90???????????20 
mg/ml Proteinase K? (Invitrogen) 10 µl??????? 37 ?? 90????????????
???????????????????Propidium iodide? (PI) tri-sodium citrate dehydrate 
??????? 8 µg/ml????????????????????4?????????
???????????????FACscan? (BECTON DICKINSON) ?????????
????? 
 
? 8 ?? ??????????? Western blot?  
? 8.1? ?? 
? 5?? ????????? 
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? ? ? galactose ??????????????????????????????2% 
glucose??????????????????? 2% raffinose????? 2 ml?30??
??????????????????? 1 ml? 2? raffinose????? 9 ml?????
?? 30 ?? 7.5 ??????????????????? (121 ??20 ?) ?? 20% 
D-galactose???????? 2%?????????30???????????? 
8.2? ???????? 
? ? ? 8.1???????? 2×108? ???????????2M NaOH?8% 2-mercaptoethanol?
(?? Nacalai tesque) ?? 150 µl??????? 15?????????????????
?????????? 50% trichloroacetic acid? (TCA) (Nacalai tesque) 150 µl???? 10
????????????????????????12000 rpm? 5?????????
???????diethyl ether? ethanol? 6?1???????????? (Wako)? ???
???????????????????????????? TCA?????????
???????HU buffer 250 µl?????????????????????????
?????????????65 ?? 21 ????? ?????7 ??????????
???????????????????? 12000 rpm? 6??????????????
????Sample buffer???? 100 ?? 3???????????????????? 
 
*HU buffer 
?   urea (Sigma)              12 g 
thiourea (Nacalai tesque)      6 g 
rauryl sulfate (Sigma)         2 g 
200 mM Tris-HCl (pH 7.5)   16 ml ?
1 mM EDTA               80 µl 
1.5% dithiothreitol (Sigma) ?  0.6 g 
DDW                        ? ?  




   ????????????10 kDa ????????????????????
Tris-Tricine SDS-PAGE?????????? Tris-Glycine SDS-PAGE???????? 
? 5?? ????????? 
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? ?????? 1???? 16 mA?????????? 
 8.3.1 Tris-Glycine SDS-PAGE 
 
Running Gel (7.5%) Stacking Gel 
29.2% acrylamide-0.8%bisacrylamide 





2 .0 ml 

















8.3.2 Tris-Tricine SDS-PAGE 
Separation Gel (16.5%T 6%C) Spacer Gel (10%T 3%C) 






















Separation Gel (4%T 3%C) 












trizma base (Sigma) ? ? ? ?   14.54 g ?
rauryl sulfate (Sigma)       0.12 g?  
DDW                         ?     
Total                        ? 40 ml
  
*acrylamide stock (49.5%T 6%C) 
acrylamide? (Sigma)           18.6 g 
bis-acrylamide (Nacalai tesque)   1.2 g 
DDW                             
Total                        40 ml
  
 
*acrylamide stock (49.5%T 3%C) 
acrylamide                   19.2 g 
bis-acrylamide                 0.6 g  
DDW                            ?  
Total                        ? 40 ml
  
 
8.4? Western blot? 
? 5?? ????????? 
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? ? SDS-PAGE?????????????Wet? Blot?????? 30 V???????
??? Immun-BlotTM PVDF membrane? (BIO RAD) ?????????????????
?? PBS???????3% Skim Milk? (Wako) 0.05% Tween PBS???????? 2?
???????0.05% Tween PBS?????????????????????? HA?
????????? (Roche)? 5% BSA-PBS? 2000?????????????? 1??
??????????0.05% Tween ??? PBS ?????????HRP ???????
(Anti-mouse IgG HRP linked antibody,? x3000)? (Cell Signaling technology) ???????
??? 1??????????? 0.05% Tween-PBS???????????? PBS??
?????????? ECL TM kit? (amersham) ???????????? Medical Film 
(Konica) ?????? 
 
? 9 ?   ?????  
9.1? ?? 
? ? ? galactose ??????????????????????????????2% 
glucose??????????????????? 2% raffinose????? 2 ml?30??
?????????????????? 1 ml? 2% raffinose????? 9 ml?????
30 ???????????????????? 6×106 cells/ml ?????? 2?raffinose
????????????? 50 ml ????30 ?? 3 ???????????????




???????9.1???????? 2.5×109? ???????????lysis buffer A* 400 µl
????grass beads? (Sigma) ?????????????14000 rpm? 20??????
??? 200 µl?????????????????????DNA????????????
? 5?? ????????? 
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?????????? 4.2& µg? Deoxyribonuclease I (Sigma? ????25 ?? 10???
??????????? 1% BSA-PBS ??????? rProtein A Sepharose Fast Flow 
(Amersham) 100 µl???????????????????????????????HA??
????????????? (Sigma) 20 µl??????????12000 x g?45????????
?????????? lysis buffer B*???? lysis buffer*??????????? 50& µl
? Sample buffer????100 ?? 3????????? SDS-PAGE????????? 
??? SDS-PAGE??? Western? blot ????? 8.3??? 8.4 ?????????
????????Pol3-FLAG?Pol32-FLAG???????????????? FLAG?
????????? (Sigma) ? 5% BSA-PBS? 2000????????????? 
 
*Lysis buffer 
50 mM HEPES-KOH (pH 7.5)  
 300 mM KCl 
 0.05% Tween-20 
 0.005% NP-40 
 10% glycerol 
 2 mM β-glycero-phosphate 
 2 mM NaF 
 0.4 mM Na3VO4 
0.5 mM Na Pyro-phosphate 
 
*Lysis buffer A:Lysis buffer +5 mg/ml BSA+1xcomplete Protease Inhibitor Cocktail? (Roche) 
*Lysis buffer B: Lysis buffer +0.1 mg/ml BSA 
 
? 10?   RT-PCR 
10.1? ?? 
???????? 2% raffinose????? 2 ml?30?????????????? 5×106 
cells/ml ?????? 9 ml? 2% raffinose??????????30???????3??
??20%  galactose??? 20% glucose??????? 1 ml???????? 2%???
???????????? (12???) ??????????????? 
10.1? mRNA??? 
? ? mRNA??? hot phenol????????? 
? 5?? ????????? 
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10.2? ??? DNA??? 
? ???????? DNA??????????????? total RNA? DNA??????




total RNA   ? ?          12 
µl? 5 x buffer   ?           4 
µl? 10 mM dNTP mix      2 µl?
Oligo dT primer        1 µl?
ReverTra Ace (TOYOBO)  1 µl?




30 0C? ? ? 10 min  
42 0C? ? ? 60 min  
99 0C? ? ?  5 min  





10 x EX? taq buffer ? ? ? ? ?   ? ? 12 µl     
10 mM dNTP? mix             1.2 µl? ? ?   
10 µM TDH1/Fw primer         0.5 µl? ? ?
10 µM TDH1/Rv primer?           0.5 µl 
10 µM POL31/Fw primer         ? 0.5 µl? ? ?
10 µM POL31/Rv primer          0.5 µl 
cDNA                    2 µl? ?    
DDW                 ? ? 8.2 µl? ? ? ?




940C? ?  5 min 
940C?   45 sec 
520C? ?  5 min     x25 
720C?    1 min 
100C   forever 
?? ? 
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?? ?  
?
????????????????????????????????? ?????? ????
?????? ????? ??????????????? 
 
?????????????????????????????????????????? ?
????? ???????? ???? ????? ?????????????? 
 
?????????????????????????????????????? ??????
???????? ???? ???? ?????????????? 
 
???????????????????????????????????? ?????? ?
??????? ???? ????? ?????????????? 
 
???????????????????????????????? ADP-????????
????????? ????????????? ???????????????? 
 
???????????????????? Friedrich Miescher Institute ???????????
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